The temperature dependence of the optical dephasing mechanism in an organic polymer glass, polymethylmethacrylate ͑PMMA͒, was studied from 300 K to 30 K using the dye IR144 as a probe. Transient grating and three pulse photon echo measurements were made, and the three pulse photon echo peak shift ͑3PEPS͒ was recorded as a function of temperature. The peak shift data reveal time constants of ϳ6 fs and ϳ60 fs, along with vibrational beats and a long-time constant value for the peak shift. The 6 fs component is attributed to intramolecular vibrations and the 60 fs component to librational degrees of freedom of the PMMA itself. This contribution appears slightly underdamped and the fitted spectral density matches well with the Raman spectrum of PMMA. The two ultrafast decays are insensitive to temperature. For temperatures above 80 K the long-time peak shift increases linearly as temperature decreases but at 80 K the shift levels off and decreases for temperatures between 80 and 30 K. Fit values for the inhomogeneous width ͑500 cm Ϫ1 ͒ and the reorganization energy ͑378 cm Ϫ1 ͒ describe the initial value of the peak shift, its decay, the absorption spectrum, and the three-pulse photon echo signal quite well at both high and low temperature. We were not very successful in describing the temperature dependence of the long-time peak shift, although the insensitivity of the dynamics to temperature could be qualitatively accounted for. At low temperature the imaginary portion of the line shape function, which is temperature independent, contributes significantly to the response, while at high temperature the dephasing is dominated by the real part of the line shape function. A more sophisticated model is required to quantitatively describe the data.
Temperature dependence of optical dephasing in an organic polymer glass (PMMA) from 300 K to 30 K
I. INTRODUCTION
The broadening of spectral lines in condensed phases has been used to probe the interaction of molecules and their environment for many years. [1] [2] [3] [4] [5] [6] [7] [8] Broad, featureless electronic spectra are typical of chromophores in liquids, proteins, and glasses. The mechanism of this line-broadening and the dynamics masked by it have been studied extensively in two classes of systems, room temperature liquids [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] and low temperature ͑Ͻ10 K͒ glasses. 1, 2, [4] [5] [6] 18, 19 In this work, we try to bridge these two regimes by means of photon echo studies of a chromophore dissolved in a polymer glass over the temperature range 300-30 K.
On short time scales one might expect very little difference between a liquid and glass, at least at high temperatures. This expectation is based in part on the success of phonon based models of liquid dynamics such as the instantaneous normal mode ͑INM͒ approach. [20] [21] [22] [23] Harmonic normal mode models give very good descriptions of the ultrashort phase of solvation in acetonitrile [21] [22] [23] and water. 20 Further, with the exception of water the shape of the INM density of states seems to be rather independent of the molecular nature of the liquid. 22, 23 In the case of acetonitrile and probably other low symmetry molecules, the coupling constant weighted INM spectrum is quite insensitive to whether the property being probed is the solvation energy or the polarizability. 23 From this perspective, we might expect the early time behavior at high temperature to be very similar in liquids and glasses. Of course on longer time scales the two systems will diverge strongly. The diffusive component of solvation dynamics, familiar from dielectric relaxation, contributes on the picosecond to tens of picosecond time scale. [10] [11] [12] [13] 16, 17 On time scales longer than the slowest dielectric relaxation time, simple liquids are expected to be homogeneous. In glasses, the diffusive processes are so slow that, even at room temperature, they can be regarded as static, inhomogeneous broadening. 24, 25 As one lowers the temperature in a glass, this partitioning between dynamic and static contributions to the line broadening may vary, and it is not clear over what region models based on linear coupling to a harmonic bath will be valid.
An experimental approach which can characterize both dynamic and static contributions to the line broadening is required to address these issues. The fluorescence Stokes shift technique [10] [11] [12] [13] which measures the solvation response, S(t), over a wide dynamic range is not directly sensitive to static line broadening. The three pulse photon echo peak shift ͑3PEPS͒ measurement 16, 17, 24, [26] [27] [28] [29] [30] [31] combines a large dynamic range with sensitivity to static contributions to the line broadening and insensitivity to the excited state lifetime, and should provide detailed insights into the temperature dependence of the line broadening mechanism. In this paper we describe 3PEPS studies of the organic polymer glass, polya͒ Present address: Department of Chemistry, Pohang University of Technology. b͒ Author to whom correspondence should be addressed. Electronic mail:
fleming@rainbow.uchicago.edu methylmethacrylate ͑PMMA͒, using the dye IR144 as a probe. We have used this molecule for a wide range of studies in liquids and found it to be a reliable probe. 16, 25, 32, 33 PMMA is a glass at room temperature and does not undergo a phase transition in our temperature range. Before describing the 3PEPS technique and providing some theoretical background, it is appropriate to mention some recent related studies.
A pioneering study of 3PEPS in a glass was carried out by Ippen and co-workers. 34, 35 They observed a monatonic increase in the peak shift from 0 to 30 fs when temperature was decreased from 290 K to 15 K, which they attributed to the transition from homogeneous to inhomogeneous broadening. Small and co-workers have been investigating the applicability of models devised for low temperature systems to much higher temperatures ͑130 K͒ by means of hole burning spectroscopy. 19 This approach is clearly complementary to ours and a combined hole burning/photon echo study of the same system 36 would be very valuable. On the theoretical front, the formalism developed by Mukamel for nonlinear optical spectroscopy unifies a broad range of experimental techniques and renders approaches based on the optical Bloch model obsolete. 7, [37] [38] [39] [40] Berg and co-workers have applied mode-coupling theory to solvation dynamics, 41 while Bagchi has developed a theoretical description of the transition from viscous to hopping mechanisms of mass transport in supercooled liquids near a glass transition.
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II. THE 3PEPS MEASUREMENT
In this section we give a brief review of the 3PEPS experiment 16, 17, 24, [26] [27] [28] 31, 34, 35, 43 in order to illustrate the physical content of the measurement and define key quantities used in the analysis and modeling of our data.
The optical transition frequency, eg i , for a particular chromophore, i, dissolved in a glass can be written
where ͗ eg ͘ is the average value of the transition frequency and ⌬ i a static offset from this mean for the particular chromophore. ␦ eg (t) gives the dynamical contributions to the spectrum and is described by the correlation function
The 3PEPS experiment has recently been shown to be capable of revealing M (t) and the magnitude of ⌬ in , the width of the distribution of ⌬ i values. 24, 31 The experiment is a three pulse stimulated echo 46 in which both echo signals at k 1 Ϫk 2 ϩk 3 and Ϫk 1 ϩk 2 ϩk 3 are simultaneously recorded. 16, 17, [26] [27] [28] 31, 34, 35, 43 Since there are three pulses, there are three time periods to consider, of which the first two are under experimental control. The first time period, , during which the system is in an electronic superposition state is scanned. During the second time period, T, the system is in a diagonal ͑population state͒. This is the key feature of the experiment which gives its large dynamic range. The third pulse creates the final superposition which leads to rephasing and echo formation. This last period is integrated over to record the echo intensity as a function of . The observable of interest is the location of the echo maximum with respect to zero delay for different fixed values of T. The shift from zero delay, *(T), we refer to as the peak shift, and by measuring both phase matched echoes simultaneously this can be recorded with Ϯ0.3 fs precision. A plot of *(T) vs T constitutes a 3PEPS data set. To extract quantitative values of model parameters from peak shift data requires extensive numerical modeling; however, the physical content of the experiment can be appreciated by a glance at two approximate expressions 24 for *(T) and *(T→ϱ), respectively. The expressions are valid for times longer than the bath correlation time and in the intermediate inhomogeneous broadening limit,
where ͗⌬
2
͘ is the coupling strength, is the reorganization energy ͑2 is the Stokes shift͒, ⌬ in is the inhomogeneous width, and M (T) is equivalent to the Stokes shift function, S(T), at high temperature, and
Thus, the sole dynamical quantity appearing in the peak shift is M (T), while at long times a constant shift ͑the ''asymptotic'' value͒ will be observed ͑if ⌬ in 0͒ which depends on the ratio of fast ͑͒ to slow ͑⌬ in ͒ broadening.
III. EXPERIMENT
The experimental apparatus and method of 3PEPS measurement were described in detail previously 16, 26, 32, 43 and only a brief outline will be given here. The light source was a homemade cavity-dumped Kerr lens mode-locked Ti:sapphire laser with a center wavelength of 780 nm and a pulse duration of ϳ22 fs with a time-bandwidth product of ϳ0.42. The repetition rate was usually set at 20 kHz to avoid heating and damage of the sample. The repetition rate was varied from 2 kHz to 40 kHz and no significant change was found in the overall features of the signal. The power of each of the equally split three beams was kept under 200 pJ to avoid undesired saturation effects and other higher order phenomena. Beams were focused into the sample by a 10 cm singlet lens. 10 ns risetime photodiodes and lock-in amplifier were used for signal detection. For the room temperature measurements, samples were rotated by an electric motor to avoid sample damage. For temperature dependent measurements, the sample was stabilized on a brass holder inside the vacuum chamber of a closed-cycle helium gas cryostat which needed more than a hour to reach ϳ30 K from room temperature. Temperature was measured by a silicon diode attached to the sample and holder. At low temperatures, damage was not severe. Identical samples were used for each temperature dependent experiment. The temperature stability was Ϯ0.5 K when a complete 3PEPS signal was measured at each temperature. It was Ϯ1.5 K when the temperature dependence of the asymptotic peak shift was measured since stabilization was difficult when temperature was scanned.
PMMA and IR144 ͓anhydro-11-͑4-ethoxycarboxyl-1-1-piperazinyl͒-10,12-ethylene-3,3,3Ј, 3Ј-tetramethyl-1,1Ј-di͑3-sulfopropyl͒-4,5,4Ј,5Ј-dibenzo-indotricarbocyanine hydroxide, triethylammonium salt͔ were used as received from Aldrich and Exciton, respectively. The average molecular weight of the PMMA was ϳ120 000. Sample glass films were prepared by mixing IR144 and PMMA in chloroform/ methanol ͑2/1͒, and the solution was spread on a quartz plate and dried under closed atmosphere for a day. Mixed solvent and rapid drying were necessary to avoid aggregation of IR144. Samples were then taken under vacuum for several days to dry off the remaining solvent. All the samples used for measurements had identical absorption spectral profile. The sample thickness was about 70-150 m and its optical density ͑O.D.͒ was about 0.7 to 1.6. A higher O.D. gave a stronger signal, but no significant change in the overall features of the signal. Experiments with the laser center wavelength varied from 770 nm to 800 nm did not result in significant changes in the signal.
For most of the experiments described here, the laser was focused into the sample with a 10 cm singlet lens. In fluid solvents for which no inhomogeneity exists this leads to a nonzero long-time value of the peak shift of ϳ1.4 fs. Subsequently, we found that using a 20 cm achromat decreased this long-time value of *(T) to Ͻ0.5 fs. We therefore assumed that in the glass samples a constant 1.4 fs shift arose from this effect, and we subtracted this value from the curves before analysis.
IV. EXPERIMENTAL RESULTS
A. Absorption spectra
The absorption spectra of IR144 in PMMA and methanol are compared in Fig. 1 . Both spectral shapes are quite similar, but the peak is red-shifted in PMMA by 405 cm
Ϫ1
. The full-width at half-maxima ͑FWHM͒ of the spectra are 2020 cm Ϫ1 and 1960 cm Ϫ1 and the maxima are at 742 nm and 765 nm in methanol and PMMA, respectively. Absorption peaks of the aggregate appear around ϳ670 and ϳ870 nm, but no such peak or shoulder can be found in either spectrum. The line shape is reasonably similar in the liquid and the glass. The red shift results from the lower polarity of PMMA as compared with methanol, consistent with the IR144 absorption maximum also occurring at 765 nm in benzonitrile. Thus, the Stokes shift between the absorption and fluorescence maxima is expected to be smaller in PMMA than in methanol.
B. Three pulse photon echo
3PE signals measured at Tϭ0 fs and 100 ps at temperatures of 294 K and 32 K are shown in Fig. 2 . At a longer population time, the peak shift becomes smaller and at lower temperature it becomes larger. At Tϭ100 ps, the noise is larger since the 3PE signal is weaker, though a temperature dependence of peak shift can still be observed. The 3PE signal does not decay exponentially. Nevertheless, when the tail of the decay is fitted by an exponential function at Tϭ0 fs, it gives time constants of ϳ10 and ϳ12 fs at 294 and 32 K, respectively, and at Tϭ100 ps it gives ϳ9 and ϳ11 fs at 294 and 35 K, respectively. 
C. Three pulse photon echo peak shift measurement
Peak positions are determined by fitting the 3PE signal with a Gaussian function. When T is large, the 3PE signal is symmetric and can be fitted quite well. When T is close to 0 fs, the 3PE signal is not symmetric. However, the discrepancy between experimental and fitted peak position is less than 0.3 fs which is negligible. Typical 3PEPS data for IR144 in PMMA at 294 K and 32 K are shown in Fig. 3 . Data for IR144 in room temperature ethanol are also shown for comparison. Major features of the signals are ͑a͒ two ultrafast decays, ϳ6 fs and ϳ60 fs, can be seen in all three samples; ͑b͒ similar quantum beats can be seen in all the data, but the amplitude of the beats is smaller in the liquid ͑the beats are slightly more prominent in the 32 K glass͒; ͑c͒ the picosecond decay seen in the liquid cannot be observed in the glass as clearly apparent from the inset of Fig. 3 . The 3PEPS signal in the glasses appears constant at long times; and ͑d͒ the magnitude of the peak shift becomes larger at lower temperature.
Quantum beats originating from intramolecular modes of IR144 are also responsible for the initial ultrafast decay ͑ϳ6 fs͒. The ϳ6 fs decay is caused by vibrational wave packets with different frequencies moving out of phase very rapidly. 16, 26, 32 The second ultrafast decay ͑ϳ60 fs͒ in ethanol is attributed to the inertial response of the solvent. 16, 32 This has been observed by 3PEPS in numerous solvents with almost identical decay times but varying amplitudes. 16, 32 The success of phonon-based models of the initial phase of solvation in liquids, such as the INM approach, [20] [21] [22] [23] 47, 48 suggests that the early time behavior of a polar glass should be very similar to a liquid. Indeed, the same ϳ60 fs decay is observed in the PMMA samples. In liquids, this inertial response arises from small angular displacements, with the largest contribution coming from the first-shell solvent molecules and we expect a similar contribution in the glass. In contrast, the picosecond decays reflecting diffusive dielectric relaxation in liquids are not observable in the glass. The dielectric relaxation of PMMA is reported to be in the order of microseconds, 49 thus such relaxation can be treated as a static inhomogeneity on our experimental time scale. The asymptotic peak shift *(T→ϱ) remains constant up to at least Tϭ350 ps.
D. Temperature dependence of the asymptotic 3PEPS *(T˜ϱ)
It can be seen from Fig. 3 that the dynamical part of 3PEPS is rather insensitive to temperature. We will return to the dynamics later and for the present concentrate on the temperature dependence of the asymptotic peak shift, *(T→ϱ), resulting from static inhomogeneity. *(T→ϱ) for IR144 in PMMA at Tϭ200 ps measured as a function of temperature is shown in Fig. 4 . The temperature was changed from low to high. Data from two different samples are shown for comparison, and the asymptotic peak shift differs slightly from sample to sample presumably as a result of differences in inhomogeneity. We were not able to control this effect which seems to be a common problem in glass samples. We also checked the position dependence of the signal in a single sample. Small changes in the position of the beam usually did not change the peak shift. Larger changes ͑Ͼ3 mm͒ sometimes produced slight changes in *(T→ϱ). When the 3PEPS was measured as a function of T at room temperature as shown in Fig. 3 ͑line with filled rectangles͒, the sample was rotated. Therefore, in this case, any position dependence should be averaged out by the rotation. Despite the offset between the two curves in Fig. 4 , the overall features of the temperature dependence are very similar. When the temperature is higher than 100 K; the shift increases roughly linearly as the temperature decreases. A linear fit gives a slope of ϳ20 as/K. In both samples, *(T→ϱ) first levels off and then decreases below 100 K.
E. Transient grating signal
The transient grating ͑TG͒ signal has the same phase matching direction as the 3PE, thus it was measured simultaneously. The short time portion of the signal consists of a spike near 28 fs; which decays with a time constant of about ϳ70 fs and various quantum beats. The short time region was used to fit the quantum beats. Figure 5 shows the linear prediction singular value decomposition fit to the short time region and the residuals. The fitted frequencies, dephasing times, and phases are shown in Tables I and II. Fitting was carried out from 30 fs to 2 ps for three ͑room temperature͒ or four ͑low temperature͒ separate data sets, and modes that were not reproducible were considered as noise. Eight modes were detected. The frequencies and dephasing time constants are similar at 300 K and 38 K. For the TG signal of IR144 in ethanol, Joo et al. found ten modes. 16 The correspondence between the two sets is good, although the ethanol data has slightly better spectral resolution. In Tables I and II the highest frequency mode ͑718 cm Ϫ1 at 294 K͒ has a very short dephasing time. Although this frequency is observed in the Raman spectrum ͑716 cm Ϫ1 ͒ we do not mean to suggest that this dephasing time represents the real damping time scale for this mode. Rather we believe that this very short dephasing time scale simply mimics the influence of numerous higher frequency vibrations, whose contributions are not included explicitly in our calculation. As usual when excluding degrees of freedom from the explicitly calculated set, the damping ͑friction͒ must be increased to account for the influence of the excluded set. In particular the 488 nm Raman spectrum contains many, reasonably strong lines in the 1100-1500 cm Ϫ1 region, in addition to strong lines at 785 cm
Ϫ1
, 946 cm
, and 1024 cm Ϫ1 . Figure 6 shows the long time regions of the TG signal which were used to obtain the lifetime of IR144 in PMMA. Double exponential fitting starts from 500 fs to avoid the strong quantum beats which, especially at low temperature, cause difficulty in fitting. The parameters are given in Table  III . The longest component is more than twice as long as that The intermediate component with a time constant of 20 ps may be an indication of solvation dynamics in this time scale. However, its intensity is low, and we were not able to detect this decay in 3PEPS signals. Compared to the long 440 ps component, the amplitude of the ϳ20 ps component is only 0.12. The temperature dependence of *(T→ϱ) was measured at 200 ps, where the effect of ϳ20 ps component is negligible.
V. ANALYSIS
The standard approach for calculating the third order signal from the third order polarization is via the response functions appropriate for the phase matching condition. 7, 40, 50 The response functions are calculated from the line broadening function, g(t), which is a complex quantity. The real part of g(t) describes line broadening via fluctuations, while the imaginary part describes time dependent spectral diffusion ͑e.g., the Stokes shift͒. At high temperatures the real and imaginary contributions to g(t) are simply related via a time derivative relation, in which temperature is the only variable, but in a quantum system a knowledge of the spectral distribution of the fluctuations is required. In this case, the line broadening function can be written 7, 39, 40 
with ␤ϭ1/k b T where k b is the Boltzmann constant and T is the absolute temperature. Note that the real part of this expression is temperature dependent and the imaginary part is not. Here ͑͒ is a ͑real͒ temperature independent spectral density representing the bath density of states weighted by the coupling strength to the observable of interest ͑in this case the transition frequency͒. Thus, once ͑͒ and ⌬ in are determined at a single temperature, provided the model of linear coupling to a harmonic bath applies, the signals at other temperatures can be calculated. Note also that ⌬ in appears only in the real part of Eq. ͑5͒ since the static component does not contribute to the Stokes shift. Our approach starts from the simpler expressions applicable at high temperature to obtain ͑͒ via the transition frequency correlation function M (t). Once ͑͒ is obtained the temperature dependence of the third order signals can be calculated directly from Eq. ͑5͒ by assuming a temperature independent spectral density. A second reason for using M (t) as an intermediary is that it enables us to adequately model the intramolecular vibrational contribution to the signal. As in earlier work, 16, 26, 32 we found that the transient grating signal provides the best information on vibrational frequencies and their dephasing times, while it is insensitive to static inhomogeneity. At high temperature g(t) can be written as 7, 40, 50 
where M (t) instead of being complex is written as a single real function. The expression linking M (t) and ͑͒ is
2
͘ is the sum of the coupling strengths of the coupled modes. The tanh͑ប␤/2͒ term removes the temperature dependence of ͗⌬ 2 ͘, giving a temperature independent ͑͒. For each mode the reorganization energy j is related to the coupling strength via
.
͑8͒
Note that use of the common expression j ϭប␤͗⌬ j 2 ͘/2 is not appropriate here because we will not be in the high temperature limit. The total reorganization energy ϭ ͚ j j and ͗⌬ 2 ͘ϭ͚ j ͗⌬ j 2 ͘ are defined in terms of the spectral density as
again demonstrating the temperature independent nature of and the temperature dependent nature of ͗⌬ 2 ͘. Once ͑͒ is determined via Eqs. ͑6͒ and ͑7͒ at high temperature we can then calculate *(T) and *(T→ϱ) as a function of temperature via Eqs. ͑5͒, ͑9͒, and ͑10͒. Fitting of *(T) at a single temperature determines the relative reorganization energies for the different modes and the ratio of the total ͑or ͗⌬ 2 ͒͘ to ⌬ in , but their individual values are not so well determined. In an attempt to refine these values, least squares fit of Eq. ͑4͒ to *(T→ϱ) as a function of T were carried out for several fixed values of ⌬ in . This impulsive limit calculation requires that the influence of pulse duration be removed from the peak shift data. Model calculations gave us the following empirical relation between the impulsive limit and 22 fs pulses, 
͑11͒
The parameters obtained by this approach were then used for full calculations of *(T) and *(T→ϱ) including the 22 fs actual pulse duration. Unfortunately, because of the length of the calculations, least squares fitting out of the impulsive limit is not yet possible. , respectively. No exponentially decaying component was required in the fitting. A Gaussian function, which is often used to describe the inertial response in liquids, 16 ,17,26,32,51,52 did not give a good fit. Instead, a critically-damped 70 cm Ϫ1 mode with a dephasing time constant of 110 fs gave a better fit. The M j (t) for this mode is shown in Fig. 7͑b͒ along with the total M (t). It has a single negative excursion and this small ''dip'' significantly improves the fit as compared with a simple Gaussian component. The phase for this mode was set to zero, and the frequency and dephasing time constant are slightly different than the 60 cm Ϫ1 mode found in the TG fitting. The TG fit has some uncertainty for such a criticallydamped low-frequency mode, since the signal time zero contains additional contributions. 16 The values for the other modes are unchanged from the TG fit except for a constant time shift of 17 fs. 16 From Fig. 7͑b͒ it can be seen that the initial ultrafast ϳ6 fs decay results from destructive interference of the high-frequency underdamped modes. The second ultrafast ϳ60 fs decay is assigned to the 70 cm Ϫ1 mode. The calculated 3PEPS signal has slightly stronger quantum beats than the experimental data but fits the data quite well except for the initial peak shift. The calculated initial peak shift is always larger than the experimental value. We have studied how the calculated initial and asymptotic peak shift depend on the variables and found that ͑a͒ longer pulse duration gives larger peak shift especially for the initial value. This effect was confirmed experimentally by measuring 3PEPS with a 90 fs pulse. 33 ͑b͒ A larger value of the coupling strength ͗⌬ 2 ͘ gives a smaller peak shift; ͑c͒ faster dynamics gives a smaller initial peak shift; ͑d͒ a larger ⌬ in gives larger peak shift, although change in the initial value is much smaller than the change in *(T→ϱ). To match the initial peak shift, unreasonably large values of ͗⌬ 2 ͘ and ⌬ in had to be used. The total reorganization energy, , for IR144 is ϳ1000 cm Ϫ1 in strongly polar liquids such as alcohols and acetonitrile. 16, 32 We except a smaller value in PMMA since it is less polar and the diffusive process has turned into static inhomogeneity. We also tried including high frequency modes which cannot be impulsively excited by the 22 fs pulse. This is very effective when the absorption spectrum is calculated from g(t). These modes increase the total value of ͗⌬ 2 ͘ and should result in a smaller initial peak shift. The effect however, was minor. In addition, the value of the initial peak shift has some uncertainty caused by the accuracy of the stepping motor. When the population time is equal to zero, the 3PE signal becomes almost equivalent to a two pulse photon echo ͑2PE͒ signal. 28 In future studies we will measure the 2PE which should give a more accurate value of initial peak shift, since 2PE requires overlap of only two pulses, while 3PE requires overlapping three pulses exactly to obtain peak shift at Tϭ0 fs.
VI. DISCUSSION
A. M(t) and ()
As a check on the reasonableness of these parameters, a calculation of the absorption spectrum at room temperature was carried out. Figure 8 shows a comparison of calculated and experimental absorption spectra. The calculated spectra are obtained from g(t) via 7,40,45,50
where eg is the 0-0 transition frequency. Three high frequency modes, 946, 1265, and 1625 cm
Ϫ1
, observed in the Raman spectra of IR144 which cannot be excited impulsively by the 22 fs pulse are also included in the calculation. Their phases were set to zero and dephasing time constants were approximated to be 2 ps since dephasing of highfrequency modes of organic molecules occur generally in the order of picoseconds. j was used as a fitting parameter for . These parameters clearly give a spectrum that is much too narrow.
In Fig. 8͑b͒ experimental and calculated absorption spectra at 294 K and 33 K are compared. The peak of the experimental spectrum shifts 180 cm Ϫ1 to the blue between 294 K and 33 K presumably as a result of thermal contraction of the glass. This shift was added to the calculated curve at 33 K but otherwise nothing is changed from the 300 K calculation other than the value of the temperature. The changes in shape and width between 300 K and 33 K are extremely well reproduced, under the assumption that the reorganization energy and inhomogeneous broadening are temperature independent and that the only temperature effect is that on the population of the low-frequency portion of the spectral density.
The spectral density, ͑͒, obtained by substituting M (T) into Eq. ͑7͒ is shown in Fig. 9͑a͒ . The analytical solution of Eq. ͑7͒ for an exponentially damped cosine function with a form of exp(Ϫ⌫ j t)cos( j tϩ j ) is
which carries phase information. ͑͒ should not carry any phase information, since phase is an experimental effect resulting from the relation between the energy surfaces and the pump-and-probe wavelength. 53 Thus all the phases were set to zero before transformation. As a result, all the third order signals recalculated from ͑͒ lost their phase values. This did not create serious difficulty, as the initial phases were not greatly different from zero.
The peaks observed in ͑͒ should be assigned to either ͑a͒ PMMA modes, ͑b͒ ground state, or ͑c͒ excited state IR144 modes. We have compared this ͑͒ to a steady-state spontaneous Raman spectrum of IR144 in acetonitrile probed at 488 nm. All the five modes with frequencies higher than 200 cm Ϫ1 were observed in the Raman spectrum. Thus they are assigned to the modes of the ground state of IR144. We were not able to obtain a Raman spectrum of IR144 for frequencies lower than 200 cm
. Some of the modes observed in the Raman spectrum were not observed in the TG data. However, resonance effects may cause a significant difference in the Raman profile for 488 and 780 nm excitation. The lowest frequency mode in the spectral density was compared to the nonresonant Raman spectrum of PMMA. The comparison is shown in Fig. 9͑b͒ . The peak position of this mode is now ϳ85 cm Ϫ1 since other modes are subtracted. The Raman spectra is taken from Ref. 54 with the Bose factor removed. There is a striking match in the peak position although the widths are slightly different. Surovtsev et al. reported a small shift of the librational spectrum of PMMA caused by a softening of the structure as temperature is increased. 54 This was ignored in our calculations. The solvation spectral density giving the inertial response in liquids is also very similar to that in Fig. 9͑b͒ , in accord with expectations from instantaneous normal mode calculations. [20] [21] [22] [23] 47, 48 For polar solvents, however, the amplitude of this component of the spectral density is much larger than in PMMA as can be seen by inspecting the amplitude of the quantum beat in Fig. 3 which peaks at ϳ200 fs. The beat is smaller in ethanol than in PMMA even though the coupling strengths of the intramolecular modes are similar in the two solvents, reflecting the increased solvent contribution in ethanol.
The lowest frequency mode in the ͑͒ has a higher frequency ͑89 cm Ϫ1 ͒ than that obtained by fitting the room temperature 3PEPS or TG signals. The reason for this is shown in Fig. 10 where ͑͒ is multiplied by the temperature factor coth͑ប␤/2͒. The population factor significantly enhances the overall coupling strength of the low frequency modes relative to the high frequency modes. In addition, the peak position shifts from 86 to 69 cm Ϫ1 between 30 and 300 K, respectively.
B. Temperature dependence of *(T˜ϱ)
As can be seen from Fig. 4 , when the temperature is higher than 100 K, *(T→ϱ) increases with decreasing temperature. This indicates that the amplitude of the bath fluctuations is decreasing as expected. However, surprisingly, the shift levels off and decreases below 100 K. One explanation for this unusual behavior is a transition from intermediate to large inhomogeneous broadening limit since in the limit of infinite inhomogeneous broadening the peak shift is zero in the impulsive limit. Cho et al. showed that asymptotic peak shift does not increase monotonically with increasing inhomogeneity; see Fig. 7 of Ref. 24 .
The temperature dependence of *(T→ϱ) calculated from Eq. ͑4͒ is compared with the experimental data in Fig.  11͑a͒ . Nonlinear least square fitting was carried out in the range of 120-300 K with being the only fitting parameter for several fixed values of ⌬ in . In Fig. 11͑a͒ the calculated results are shown with pairs of variables; ͑i͒ ⌬ in ϭ100 cm Ϫ1 and ϭ79 cm
Ϫ1
; ͑ii͒ ⌬ in ϭ300 cm Ϫ1 and ϭ243 cm
; and ͑iii͒ ⌬ in ϭ500 cm Ϫ1 and ϭ378 cm Ϫ1 ͑the parameters that fit the absorption spectrum͒. The calculated peak shift does increase with decreasing temperature and level off at low temperature. However, the turnover in *(T→ϱ) was not reproduced. As it can be seen, small values of ⌬ in and gave a better fit, and the best fit was obtained with unphysically small values for ⌬ in ͑39.3 cm Ϫ1 ͒ and ͑26.7 cm Ϫ1 ͒, clearly inconsistent with the absorption spectrum. These values give unreasonably large values for initial peak shift; 28.4 fs with a 22 fs pulse at 294 K. The initial peak shift at Tϭ0 fs with a 22 fs pulse for sets ͑i͒, ͑ii͒, and ͑iii͒ are 22.1 fs, 16.2 fs, and 14.4 fs, respectively, while the experimental value is ϳ10 fs. 
FIG. 11.
Comparison of the calculated temperature dependence of the asymptotic peak shift to the experimental result ͑filled circle͒. Equation ͑4͒ is used for ͑a͒, and exact third order polarization was calculated from g(t) for ͑b͒. The values used are ⌬ in ϭ100 cm Ϫ1 and ϭ79 cm Ϫ1 ͑dashed and dotted line͒, ⌬ in ϭ300 cm Ϫ1 and ϭ243 cm Ϫ1 ͑dashed line͒, and ⌬ in ϭ500 cm Ϫ1 and ϭ378 cm Ϫ1 ͑solid line͒.
An exact calculation of the peak shift using the same values of ⌬ in and is shown in Fig. 11͑b͒ . Since Eq. ͑4͒ is based on several approximations and only valid in the intermediate inhomogeneous broadening limit, 24 ⌬ in 2 р͗⌬ 2 ͘, it matches reasonably with the exact calculation only for case ͑ii͒. The other cases deviate drastically, especially at low temperature. The temperature dependence is too weak for case ͑iii͒ and too strong for case ͑i͒. A fit using the full expressions but in the impulsive limit was carried out even though it was a time-consuming operation. Values of ⌬ in ϭ100 cm Ϫ1 and ϭ97 cm
Ϫ1
, again inconsistent with the spectrum, gave a good fit from 150 K to 350 K. Of course, the values also give too large initial peak shift of 20.8 fs. To sum up, the harmonic model with a constant spectral density and a fixed partitioning between static and dynamic degrees of freedom, although qualitatively describing our data ͑ex-cept for the turnover͒ does not seem capable of quantitative description of the temperature dependence of *(T→ϱ). Although one could presumably fit the temperature dependence of *(T→ϱ) by allowing ⌬ in to increase with decreasing temperature, such a model would seem incompatible with the high quality fit of the 33 K absorption spectrum ͓Fig. 8͑b͔͒ made under the assumption, ⌬ in ͑33 K͒ϭ⌬ in ͑300 K͒.
C. Calculation of the 3PE signal
The 3PE signal was also calculated from sets ͑ii͒ and ͑iii͒ for ⌬ in and described above. A comparison with the experimental result is given in Fig. 12 . The value of T was set to 500 fs. At room temperature ͑294 K͒, the difference between the two calculated signals for sets ͑ii͒ and ͑iii͒ is small, showing the insensitivity of the 3PE signal itself. The parameters that fit the absorption spectrum ͓set ͑iii͔͒ fit better, and at low temperature ͓Fig. 12͑b͔͒ the difference becomes obvious.
D. Calculation of *(T)
Thus far we have not examined the time dependence of the peak shift in detail. In order to facilitate comparison, Fig.  13 shows *(T) vs T for six temperatures. For each curve, the value of *(T→ϱ) was subtracted and the initial peak shifts were normalized. The lack of temperature dependence in these curves is striking. Figure 14͑a͒ shows a comparison of the calculated *(T) curves using ⌬ in ϭ500 cm Ϫ1 and ϭ378 cm Ϫ1 to the experimental data at 294 K and 32 K. There is a striking match. The match in the *(T→ϱ) value is rather accidental since calculation and experiment cross over near both temperatures ͓see Fig. 11͑b͔͒ . The amplitudes of the beats increase slightly at low temperature consistent with the experimental result. It is not surprising that the very rapid initial drop in *(T) is temperature independent since it arises from the high frequency intramolecular modes that are always in the low temperature limit. However, the intermediate time scale from ϳ20 fs to 170 fs is also insensitive to temperature, whereas the low frequency portion of the temperature weighted spectral density ͑Fig. 10͒ is strongly temperature dependent.
Returning to Eq. ͑5͒ we interpret this result as follows: At high temperature the spectral broadening is dominated by the fluctuations, i.e., the real part of g(t). This can be seen from the high temperature relation between the mean square fluctuation amplitude and the Stokes shift ͑2͒, ͗⌬ 2 ͘ ϭ2/ប␤. For high enough temperature the fluctuations will dominate over the spectral diffusion reflected by the imaginary part of g(t). At low temperature the situation changes because the imaginary part of g(t) is independent of temperature. Thus, it appears as if the continued importance of the intermediate time scale in the dynamics as the temperature is lowered reflects a switch from broadening largely induced by fluctuations to broadening largely resulting from spectral diffusion ͑Stokes shift͒. To confirm this picture we also calculated *(T) at 32 K by setting the imaginary part of g(t) to zero. As Fig. 14͑b͒ shows, the purely real g(t) calculation ͑dashed line͒ does not contain any contribution from the intermediate time scale component at low temperature, although it does at 294 K. Returning to Fig. 14͑a͒ , we note that the initial value of *(T) and the rapid decay are better reproduced at 32 K than at 294 K. It appears as if the value of *(Tϭ0) has a stronger temperature dependence than the model predicts. We plan to investigate this point further via two and three-pulse echo studies.
E. Calculation of the TG signal
Calculation of the TG signal was also carried out for parameter sets ͑ii͒ and ͑iii͒. They are compared to the experimental result in Fig. 15 . Neither set fits the experimental result very well. Although, set ͑iii͒, ⌬ in ϭ500 cm Ϫ1 and ϭ378 cm
Ϫ1
, is clearly closer to the experimental curve. The amplitude of the calculated signal increases with decreasing temperature which cannot be seen in Fig. 15 since the signal are normalized. The experimental signal seems to show a similar trend although more precise measurement is necessary. The relative amplitude of the calculated coherence spike becomes smaller at lower temperature. In the experimental signal, this trend is stronger. We have studied how the calculated TG signal depends on the variables and conclude that ͑a͒ the large spike comes from a rephasing pathway and only appears with finite pulse duration; it does not appear in impulsive limit; 16 ͑b͒ the total signal amplitude decreases and relative amplitude of the coherence spike increases with increasing ͗⌬ 2 ͘. This is the reason why the signal amplitude increases and relative amplitude of the coherence spike decreases with decreasing temperature; ͑c͒ the total amplitude also decreases with increasing ⌬ in . The relative amplitude of the coherence spike increases with increasing ⌬ in although the effect is much smaller than for ͗⌬ 2 ͘; ͑d͒ the effect of detuning the laser wavelength from 0-0 transition affects the intensity of the signal, although the shape of the signal is unaffected.
F. Other studies
For cresyl violet in PMMA, Ippen and co-workers 34, 35 observed a monotonic increase in the echo peak shift from 0 to 30 fs when temperature was decreased from 290 to 15 K. This is a much stronger temperature dependence than we observed. For Nile blue and oxazine 720, they were unable to observe any peak shift, even at 15 K. The temperature dependence of the three pulse echo decay in PMMA and in polyvinylalcohol was recently reported by Bardeen and Shank. 55 For the cyanine dye, LDS750, a rapid decay close to the pulse duration was almost independent of temperature while a significant temperature dependence was observed for LD690, an oxazine dye. An optical Bloch analysis was interpreted as showing that the dephasing time for LD690 increased from ϳ10 fs to ϳ30 fs when the temperature was decreased from 300 to 30 K.
It is clear that the dephasing rate depends significantly on the probe molecule, presumably as a result of variations in the strength of coupling to the nuclear degrees of freedom. These latter may be either intramolecular modes or bath modes. IR144 and LDS750 are cyanine dyes with flexible structures which may result in a large number of displaced intramolecular modes. On the other hand, cresyl violet, Nile blue, oxazine 720, and LD690 have a rigid anthracenelike structure and we expect the intramolecular reorganization energies to be smaller. In the Raman spectrum of IR144 excited at 488 nm, more than 25 modes can be observed. The effect of these intramolecular modes can be seen as a ϳ6 fs decay in the 3PEPS signal. In addition IR144 may have a larger dipole moment change or excitation. Comparison of the Stokes shift in ethanol solution for these molecules confirms these expectations; it is 1540 cm Ϫ1 for IR144 and 816 cm Ϫ1 , 917 cm
Ϫ1
, and 564 cm Ϫ1 for cresyl violet, Nile blue, and oxazine 720, respectively. 56 It can be seen from Fig. 11 that smaller coupling strength results in a stronger temperature dependence of *(T→ϱ), consistent with the stronger variation of *(T→ϱ) in cresyl violet than in IR144. From Fig.  12 we can see that an echo signal with a large coupling strength is almost temperature independent while one with small coupling becomes significantly wider at low temperature. This result is qualitatively consistent with Bardeen and Shank's data on LD690.
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VII. CONCLUDING REMARKS
Contributions to the spectral broadening of IR144 in PMMA exist on three distinct time scales. First, the intramolecular modes produce a ϳ6 fs component in the 3PEPS experiment. A second component with a temperature insensitive time scale of ϳ60 fs is attributed to the liberational degrees of freedom of the glass. The spectrum of this component which peaks at 85 cm Ϫ1 matches with the librational peak in the Raman spectrum of PMMA ͑Ref. 54͒ quite well. A good fit to the time dependence of the peak shift ͓and therefore the transition frequency correlation function M (t)͔ requires that this component undershoot zero for one oscillation. This behavior is well captured with a Brownian oscillator model 7, 40, 50 with a very short ͑110 fs͒ dephasing time. We attempted to model both the full time dependence [*(T)] of the peak shift and the long time value *(T→ϱ). Values for the total reorganization energy ͑378 cm Ϫ1 ͒ and the inhomogeneous width ͑500 cm Ϫ1 ͒ were obtained that gave a good fit to the absorption spectra at both 300 K and 33 K. *(T) at 32 K could be modeled using a constant spectral density and the above parameters were reasonably successful. However, the temperature dependence of *(T→ϱ) ͑20 as/K͒ was not quantitatively described, and the agreement of *(T→ϱ) at 32 K with the measured value is probably fortuitous. Provided the complex form of g(t) is used ͓equivalent to a complex M (t), rather than the real form which suffices at high temperature͔, the time dependence of *(T) could be quite well described at low temperature. As temperature is lowered the imaginary portion of g(t) begins to dominate over the real portion. We interpret this as reflecting a switch from spectral broadening primarily determined by the mean square fluctuation amplitude ͗⌬ 2 ͘ at high temperature, to being determined by the Stokes shift, 2, ͑spectral diffusion͒ at low temperature.
The failure to describe the temperature dependence of *(T→ϱ) adequately could signal the limitations of the linearly coupled harmonic bath model used here. An anharmonic system will clearly have a different temperature dependence. The harmonic model becomes implausible when vibrational frequency is much smaller than the thermal fluctuation of the reorganization energy. The very low frequency modes ͑Ͻ10 cm Ϫ1 ͒ observed in room temperature solvents 32 are expected to show a highly anharmonic behavior. These modes resulting from picosecond diffusive dynamics were not observed in PMMA. Diffusive dynamics were treated as static inhomogeneity, since they were much slower than the experimental time scale. Anharmonicity may be significant for the lowest frequency mode which peaks at ϳ85 cm
Ϫ1
with best fit reorganization energy of 214 cm
. Finally, Mukamel and co-workers 57 suggest that non-Condon effects could modify the observed signals significantly. A more complex Hamiltonian involving quadratic coupling is generally used to model low temperature hole-burning data. 19, 58 In this case the hole-burning experiment is described as a linear one. A corresponding theory for nonlinear spectroscopy has not yet been developed.
